Austropuccinia psidii, causal agent of myrtle rust, was discovered in Australia in 2010 and has since become established on a wide range of species within the family Myrtaceae. Syzygium luehmannii, endemic to Australia, is an increasingly valuable berry crop. Plants were screened for responses to A. psidii inoculation, and specific resistance, in the form of localized necrosis, was determined in 29% of individuals. To understand the molecular basis underlying this response, mRNA was sequenced from leaf samples taken preinoculation, and at 24 and 48 h postinoculation, from four resistant and four susceptible plants. Analyses, based on de novo transcriptome assemblies for all plants, identified significant expression changes in resistant plants (438 transcripts) 48 h after pathogen exposure compared with susceptible plants (three transcripts). Most significantly up-regulated in resistant plants were gene homologs for transcription factors, receptor-like kinases, and enzymes involved in secondary metabolite pathways. A putative G-type lectin receptor-like kinase was exclusively expressed in resistant individuals and two transcripts incorporating toll/ interleukin-1, nucleotide binding site, and leucine-rich repeat domains were up-regulated in resistant plants. The results of this study provide the first early gene expression profiles for a plant of the family Myrtaceae in response to the myrtle rust pathogen. † Corresponding author: P. A. Tobias;
Most Australian myrtaceous species have been shown to be vulnerable to infection by the recently reclassified fungal pathogen Austropuccinia psidii (Beenken 2017) , causal agent of myrtle rust (Morin et al. 2012; Pegg et al. 2014a) . First described in Brazil, A. psidii, an obligate biotroph, was discovered in Australia in 2010 (Carnegie et al. 2010 ) and has become established on a wide range of species within the Australian Myrtaceae, including 232 taxa from field infections and a further 115 under artificial inoculation (Carnegie et al. 2016; Giblin and Carnegie 2014) . Following its first detection on the Central Coast of New South Wales (NSW), A. psidii spread rapidly with records from north of Cairns (16°919S 145°779E) in Queensland (Pegg et al. 2014b ) to west of Melbourne (38°079S 144°319E) in Victoria (Kriticos et al. 2013) . The pathogen has also been reported in Tasmania and the Northern Territory (Westaway 2016) . Predictive modeling has determined a potential spread into currently unaffected areas, including Western Australia (Kriticos et al. 2013 ). There remain concerns for the impact of this new pathogen on commercial industries, such as forestry, cutflower, and native foods, as well as natural ecosystems, dominated by species in the family Myrtaceae (Carnegie and Lidbetter 2012; Glen et al. 2007; Tobias et al. 2015) .
Although a species may be susceptible to infection by A. psidii, a small proportion of resistant individuals are usually found in genetically diverse wild populations when tested in controlled inoculations (Morin et al. 2012; Pegg et al. 2014a; Zauza et al. 2010) . These variable responses suggest that resistant individuals, when identified, may be useful for replanting and breeding programs. For commercially valuable species, resistant individuals can also be used to develop molecular markers linked to the resistance for germplasm screening (Butler et al. 2016; Mamani et al. 2010 ) and, particularly in the case of woody plants, extending our knowledge on pathogen defense.
Syzygium luehmannii (F.Muell.) L.A.S. Johnson, commonly named Riberry or small-leaved Lilly Pilly, is a littoral rainforest myrtaceous tree endemic to the east coast of Australia, with a natural distribution from northern NSW to north Queensland. Widely grown as a horticultural specimen, S. luehmannii has become an increasingly valuable berry crop, with 2010 farm gate value around A$100,000 (Clarke 2013) . S. luehmannii is moderately susceptible to A. psidii infection in controlled inoculations, with 60 to 70% resistant individuals (Morin et al. 2012) , thereby potentially reducing crop viability and adding to production costs. The pathogen occurrence on the east coast of Australia incorporates the natural distribution for S. luehmannii and the major propagation and growing regions.
The use of deep-sequencing technologies with messenger RNA provides a method of identifying gene expression changes that are likely to relate to molecular and phenotypic variation, as has been shown in several woody plant pathogen interactions to date (Liang et al. 2014; Liu et al. 2013; Mangwanda et al. 2015; Oates et al. 2015) . RNA sequencing (RNAseq) enables the scrutiny of gene expression profiles at precise moments in time following perturbation (Wang et al. 2009a) . Without a reference genome, the transcriptome is assembled de novo and gene expression comparisons are made between plants contrasting in phenotype for a given trait. Differential expression analysis determines the most highly significant genes that differ between groups (resistant and susceptible), which are then aligned for homologs within external databases. While no reference genome sequence exists for S. luehmannii, the published Eucalyptus grandis genome (Myburg et al. 2014 ), a distantly related species, provides a useful basis for determining gene homologs despite their evolutionary divergence c. 65 million years ago (Thornhill et al. 2015) .
Here, wild-sourced S. luehmannii were screened for response to inoculation with A. psidii. As differences in the phenotypes of both resistant and susceptible plants are likely to have an underlying molecular basis, gene expression studies were conducted. Once expression profiles were determined, the transcriptomes were screened for variants within two major defense gene families incorporating up-regulated transcripts encoding chitinases and nucleotide binding site and leucine-rich repeat domains (NBS-LRR). Differential gene expression analysis of resistant and susceptible S. luehmannii individuals provides the first early response host transcriptome profiles following inoculation with A. psidii.
MATERIALS AND METHODS
Plant material. S. luehmannii seedlings, propagated with seed from endemic parent plants, were sourced from two commercial nurseries based on the north coast of NSW; Buringbar Rainforest Nursery (84 plants) and Firewheel Nursery (50 plants) in February 2015. Plants were approximately 2 months old at time of purchase. Parent plants were located within the natural distribution of the species, on the north coast of NSW, Australia at Pottsville (S 28.38415, E153.56208), and Brunswick Heads (S28.5411, E153.55178), NSW. Plant material was transported to the Plant Breeding Institute Camden (PBI) facility, The University of Sydney, and plants were cut back to stimulate new growth and potted up with standard potting mix (9:1 composted pine bark/sand) into 100 mm pots. Plants were kept in poly-glasshouse conditions and drip irrigated at a temperature set to 23°C. It was noted that 17 plants had A. psidii pustule development on arrival at PBI, presumably arising from previous field exposure. These plants were included in the study after cutting off infected material and allowing symptom-free regrowth to develop (approximately 1 month later).
Inoculation with A. psidii. Once new pink growth (immature leaves) was visible, 103 S. luehmannii plants were inoculated (30 March 2015) under controlled conditions. At this growth stage, plants presented with approximately five to six new leaves were deemed suitable for inoculation. Urediniospores from a single isolate of A. psidii accession 622 (Sandhu et al. 2015) maintained in liquid nitrogen at PBI were placed in 10 ml of Isopar and the mixture was agitated. Spore concentration was calculated using a hemocytometer at ;8 × 10 5 spores per ml. Aerosol spraying of this inoculum was conducted in a chamber before moving the plants to a dark, humid room where they were incubated at 20 to 22°C overnight. Highly susceptible S. jambos plants were coinoculated with trial plants as positive controls for rust infection. Following inoculation and overnight incubation, plants were moved into poly-glasshouse conditions and drip irrigated at a temperature that was set to 23°C.
Scoring for infection. Plants were scored for infection from 1 (highly resistant) to 5 (highly susceptible) at 2 weeks postinoculation based on the scoring system developed by Morin et al. (2012) (Fig. 1 ). Photographs of plants were taken at 21 days postinoculation using a macro lens (Fig. 2) .
Leaf samples were collected and RNA extracted. Leaf samples, one immature leaf per plant, were collected from all specimens at three time points: approximately 2 h preinoculation, 24 h postinoculation (hpi) and 48 hpi. Samples were removed with sterile sharp scissors and immediately placed in liquid nitrogen before being stored at _ 80°C. Once the plant response phenotypes were established, four resistant plants (score of 2 to 3, HR) and four susceptible plants (score of 5, extensive pustules) were selected for gene expression studies. Plants were henceforth labeled R1-4 (resistant) and S1-4 (susceptible).
RNA was extracted from leaf samples of the eight selected plants at three expression times making the total number of extractions 24. Total RNA was extracted using the Sigma-Aldrich Spectrum Total RNA Kit (Sigma-Aldrich, St. Louis, MO), using Protocol A. Leaf tissue (100 mg) was ground in liquid nitrogen with mortar and pestle before proceeding as per the manufacturer's protocol. RNA samples were then purified using a MO BIO PowerClean Pro RNA Cleanup Kit (MO BIO Laboratories, Inc., Carlsbad, CA) and quantified using NanoDrop2000 (Thermo Scientific Inc., Wilmington, DE). Quality of RNAwas assessed by absorption ratios of greater than 2.0 (260/280 nm) and greater than 1.7 (260/230 nm).
RNA library preparation for sequencing on Illumina. RNA samples (24 samples of ;500 µg each) were prepared for mRNA sequencing using the NEBNext Ultra RNA Library Prep Kit for Illumina (E7530) and NEBNext Ultra Directional RNA Library Prep Kit for Illumina (E7420) (New England Biolabs Inc., Ipswich, MA) according to the manufacturers' protocol. As there is no reference sequence for the species, it was decided to increase fragment sizes to allow for better transcriptome assembly. Size selection from fragment lengths of 300-to 450-bp insert size was based on the recommendations in the manufacturers' protocol. Library concentrations were assessed using Qubit Fluorometric Quantitation and samples diluted to ;3 nm concentrations before pooling. All bead clean-ups were conducted with GE Healthcare Life Sciences Sera-Mag SpeedBead Carboxylate-Modified Magnetic Particles (hydrophobic) 15 ml (GE Healthcare Life Sciences, Chicago, IL) except for the initial steps, Chapter 1.2, using NEBNext Oligo d(T) 25 . Sequencing was run using two lanes of an Illumina HiSeq2500 (Illumina Inc., San Diego, CA) at the Australian National University Biomolecular Resource Facility with 150 bp Paired End reads. Fig. 1 . Percentage of resistant and susceptible Syzygium luehmannii plants in response to inoculation with Austropuccinia psidii based on the current study (n = 103), previous study, (n = 10) (Morin et al. 2012) , and subset of current study (n = 17) (plants that were previously field infected). Scores from 1 (highly resistant) to 5 (highly susceptible) based on system developed by Morin et al. (2012) .
Transcriptome assembly. Transcriptomes for each plant from all samples (preinoculation, 24 and 48 hpi) were assembled with paired-end reads using Trinity software v2.1.1 (Grabherr et al. 2011 ) on the University of Sydney high performance computing (HPC) service. These raw reads were then trimmed of adaptors and low-quality reads with Trimmomatic v0.33 (Bolger et al. 2014) , within the Trinity platform (Haas et al. 2013 ), using all standard parameters. Left and right trimmed fastq files, from paired with unpaired reads, were then used to build complete transcriptomes based on all expressed genes.
All eight transcriptomes were clustered using CD-HIT-EST-2D (Fu et al. 2012; Li et al. 2001 ) into a combined transcriptome representing the S. luehmannii species, with sequence identity threshold set at 0.98 and all other default settings. This threshold was determined after a validation step identified that, at 0.95 threshold, two highly conserved sequences for chitinases, present within all individual S. luehmannii transcriptomes, were altered in the clustered transcriptome but at 0.98 were faithfully retained. Transcriptomes were combined in pairs from the file with the largest to the smallest number of transcripts. In this way the process was run seven times to make the final clustered fasta file. A bed file, containing a single annotation for each sequence, was created using a Biopython script (Brown 2010) . The output file therefore incorporated three columns with the gene identification, a start site of 0 and end site as the length of the transcript.
Read mapping. Trimmed paired with unpaired fastq files from single moments of time (0, 24, and 48) for each individual plant were then mapped to the merged transcriptome using Bowtie v1.1.2 (Langmead et al. 2009 ) and sorted, indexed binary alignment map (BAM) outputs created using SAMtools v1.2 (Li et al. 2009 ). Additionally, reads were mapped to individual transcriptomes and counts for specific gene variants were extracted to enable a comparison with the count data from the merged transcriptome. The data from mapping to individual transcriptomes (R1-4 and S1-3) was used to validate expression from the merged transcriptome.
Gene expression analysis. BEDtools v2.24.0 (Quinlan and Hall 2010) , with the multiBamCov option, was used to determine raw read counts per transcript, per individual and sample (0, 24, and 48 hpi). Raw read counts, from resistant versus susceptible plants, were sorted by differential expression (DE) significance using the Bioconductor package, edgeR (Robinson et al. 2009 ) in R v3.2.4 (R Development Core Team 2011). The common dispersion model was used and lists were extracted. It should be noted that the common dispersion values were checked against the tagwise dispersion in edgeR and found to be similarly high (for example, common dispersion estimates of 0.45), an indication that variation in abundance for each "gene" between replicates is high. The edgeR derived gene lists were sorted by false discovery rate (FDR) adjusted significance of less than 0.01. Further lists were created with DE genes below the 0.05 FDR. Lists were submitted to Blast2GO Basic v3.2.7 (Conesa and Götz 2008) using NCBI Blast nr (nucleotides) for homology searches. The transcripts per million (TPM) were calculated using the transcript length to adjust for reads per kilobase. The log of the TPM values at each time-point were tested for variance using principal component analysis (PCA) in R v3.2.4. Filtering of transcripts with zero counts in any library reduced the total transcripts used in PCA to 2,614.
Differential expression data visualization. TPM values were used to draw heat maps of DE transcripts using Orange BioLab v.3 (Demšar et al. 2013) data visualizing heat map function. Row names (transcript ID) were removed and cells merged by k-means (50 clusters based on their mean similarity). This permits large numbers of transcripts to be visually displayed but does not reduce the overall visual impact of the expression. The columns were clustered by similarity while rows were clustered with ordered leaves, which maximize the sum of similarities of adjacent elements. PCA graphs were made in R. (v3.2.4) from the filtered TPM (Supplementary Figure S1 ). Volcano plots were made in R (v3.2.4) with DE data from edgeR results.
Building hidden Markov models. The combined transcriptome for S. luehmannii was searched using nucleotide hidden Markov models (HMM) with HMMER v3.1b2 (Johnson et al. 2010) . HMMs were developed from the Myrtaceae reference genome, E. grandis (Christie et al. 2016 and Tobias et al. 2017) or NB-ARC domains for the two classes; TIR and CC, and for glycosyl hydrolase (GH18 and GH19) domains of chitinases.
Sequences for each gene/domain thus derived (that is (TIR) NB-ARC, (CC) NB-ARC, GH18, and GH19) were selected based on the E-value inclusion threshold for full sequences (default at <0.01). Transcript identifications from the GH18 and GH19 list were used to extract sequences from the Syzygium.fasta using a custom biopython script adapted from (http://biopython.org/wiki/SeqIO). These S. luehmannii derived sequences (7 × GH18, 13 × GH19) were then independently aligned and used to build species-specific HMMs in accordance with the HMMER manual (Eddy and Wheeler 2015) . E. grandis HMMs derived from (TIR) NB-ARC, (CC) NB-ARC domains were used to search each plant transcriptome. The species-specific nucleotide HMMs were used to screen individual transcriptomes of the eight plants (four resistant and four susceptible) for potential gene candidates. Sequences from each transcriptome were selected based on the HMM E-value inclusion threshold for full sequences.
Gene sequences examined for protein domains. Sequences identified through the HMMs were extracted from individual transcriptome fasta files and six frame translations were made using Geneious version 7.1.8 (Kearse et al. 2012) . Sequences derived from (TIR) NB-ARC, (CC) NB-ARC HMMs for each plant were combined and duplicates removed due to overlapping results. The total transcripts from NB-ARC HMMs were considered as one class forthwith. The translated sequences for NB-ARC, GH19 and GH18 transcripts for each plant were submitted to the Pfam server (Finn et al. 2006) in batches for predicted domains at default values (E-value 1.0). Transcript domain data were sorted to determine numbers and types from each plant transcriptome.
NBS-LRR predicted protein structure. A translated sequence representative of a predicted TIR-NBS-LRR differentially expressed in resistant plants was submitted to the I-Tasser server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) to determine predicted protein structures (Roy et al. 2010 ). The results from predictive modeling were then manipulated using PyMOL v1.7.4 to identify catalytic sites and domain structures (Supplementary Figure S2) .
Translated chitinase sequence alignment and phylogenetic analysis. Chitinase transcripts were aligned with ClustalW ( Thompson et al. 1994 ) and evolutionary relationships inferred using the neighbor-joining tree method (Saitou and Nei 1987) in MEGA7 (Kumar et al. 2016 ) with all default parameters. E. grandis sequences were included as class identifiers (Tobias et al. 2017) and Arabidopsis thaliana outliers were included in Class III (At5g24090) and Class V (At4g19810) phylogenies.
Primers designed and tested for differentially expressed genes. To validate the presence of putative transcripts that were identified with de novo assembly, significantly differentially expressed transcripts within the functional defense pathway were selected for amplification and sequencing. These included transcripts homologous to the following putative genes in E. grandis: strigolactone receptor D14, phenylalanine ammonia lyase (PAL), respiratory burst oxidase, Class II chitinase (Eucgr.H04034), thaumatin-like protein, disease resistance response protein, Myb46like transcription factor, and leucine-rich (LRR) extensin-like protein. Primers were designed for all of these genes, except for PAL, which has important roles beyond defense. Additionally, primers were designed for defense-related genes of interest including the putative Class IA chitinase, a second Class II chitinase (Eucgr.H00455 homolog) and the conserved NB-ARC domain region of the putative Austropuccinia psidii (NBS-LRR) resistance gene 1 (APR1) ( Table 1) . Additional methods and results related to amplification of defense-related genes are available as Supplementary Data S1.
RESULTS
Syzygium luehmannii infection responses. Responses to inoculation indicated that 77 (75%) plants were resistant (score 1 to 3) and 26 (25%) susceptible (score 4 to 5) ( Fig. 1 ). There were 47 plants (46.5%) with no visible symptoms. The presence of localized necrosis, characteristic of the hypersensitive response (HR), indicated a rapid and effective resistant response in 30 plants (29%). After 21 days, abundant spore production was apparent on the susceptible plants ( Fig. 2D , E, and F) while many resistant plants showed an HR ( Fig. 2A, B , and C). Interestingly, five plants showing HR (including Fig. 2A and C) were of the 17 plants that had A. psidii pustules on arrival. The remaining 12 plants that arrived with infection were susceptible (scores 4 and 5) (including Fig. 2D and F). S. jambos plants also developed pustules after 21 days.
Transcriptome assembly. The statistics for each assembled transcriptome, based on all reads from all time-points for each plant, are shown in Table 2 . The clustered Syzygium transcriptome, based on merging the eight individual transcriptomes, had 69,736 transcripts. As a comparison, the genome from E. grandis has 36,376 predicted protein coding genes and 46,280 protein coding transcripts (Myburg et al. 2014) . All raw data are deposited at the National Center for Biotechnology Information (NCBI) as study accession: SRP098851 and BioProject: PRJNA356336. Transcriptome Shotgun Assemblies, all first versions, have been deposited at DDBJ/EMBL/GenBank under the following accessions: GFHK00000000 (R1), GFHT00000000 (R2), GFHS00000000 (R3), GFHO00000000 (R4), GFHN00000000 (S1), GFHM00000000 (S2), GFHL00000000 (S3), and GFMF00000000 (S4). Expression differences in resistant versus susceptible plants. After mapping the raw reads from each sample (0, 24, and 48 hpi) to the S. luehmannii combined transcriptome, read counts were compared between resistant and susceptible plants. At preinoculation (0 h), there were 33 DE genes, of which 14 were higher and 19 lower expressed in resistant plants (Fig. 3A) . The fold change and significance of differential expression is presented visually in Figure 4A . Homology was largely found for predicted E. grandis genes based on the National Center for Biotechnology Information (NCBI-nr) BLAST ( Supplementary Table S1 ). Gene homologs that were constitutively more highly expressed (preinoculation) in resistant plants included: G-type lectin S-receptor-like serine/threonine-protein kinase, cytochrome P450, organic cation/carnitine transporter 3-like, extensin-2like, and glucan endo-1,3-beta-glucosidase. Constitutively lower expressed genes in resistant plants were homologs for predicted laccase-9, FRIGIDA, serine carboxypeptidase-like, nonspecific lipid-transfer protein 1-like, and defensin-like protein-1.
At 24 hpi, 53 up-regulated and 10 down-regulated genes were differentially expressed in resistant plants (Figs. 3B and 4B) . Based on homology searches, the genes that were most highly upregulated in resistant plants were homologs for NAC (NAM, ATAF1/2 and CUC2) domain containing protein, MYB46-like transcription factor, laccase 4-like, cellulose synthase, secondary cell wall synthesis (probable beta-1,4-xylosyltransferase IRX14H), and CRIB (Cdc42/Rac interactive binding motif) domain containing proteins. Also, up-regulated were gene homologs involved in defense including chitinase-like protein 2, respiratory burst oxidase, thaumatin-like protein, leucine-rich repeat extensinlike protein, and receptor-like serine/threonine protein kinase. Highest expression in resistant compared with susceptible plants (Fig. 3B , dark gray) was for cellulose synthase A catalytic subunit 7, chitinase-like protein 2, cytochrome P450, and cellulose synthase A catalytic subunit 8. Down-regulated genes in resistant plants included ATP phosphoribosyl transferase and DNA-damage-repair/toleration protein.
At 48 hpi, the differences were more pronounced between the groups (Fig. 5) with 185 up-regulated and only one significantly down-regulated gene (histone H2A) in resistant plants (Figs. 3C and 4C) . Differential expression largely comprised secondary metabolite pathway and defense-related genes. Based on homology searches, the genes that were most highly up-regulated were MYB46-like transcription factor, carboxylesterase, respiratory burst oxidase, and leucine-rich repeat extensin protein 6. The highest expression levels (Fig. 3C, dark gray) were again recorded for cellulose synthase A catalytic subunit 7, fasciclin-like arabinogalactan protein, cellulose synthase A catalytic subunit 8, cellulose synthase A catalytic subunit 4, cytochrome P450, shikimate O-hydroxycinnamoyl transferase, chitinase-like protein 2, phenylalanine ammonia-lyase (PAL), and caffeic acid 3-O-methyltransferase. Notably, cellulose synthase genes were greatly up-regulated in resistant plants, for example at 24 hpi, cellulose synthase A catalytic subunit 7 (mean TPM = 1,723 resistant and 73 susceptible) and cellulose synthase A catalytic subunit 8 (mean TPM = 736 resistant and 69 susceptible). A strigolactone esterase D14 homolog was significantly downregulated in all plants at 24 hpi. While the mean for resistant plants preinoculation was 780 TPM, for susceptible the mean was 358 TPM. After 24 h, the mean was 9.6 TPM for resistant and 8.8 TPM for susceptible. Of interest, one resistant plant (R4) clustered within the susceptible groups for gene expression at both 24 and 48 hpi ( Fig. 3B and C) .
Expression changes in susceptible plants at 24 and 48 hpi. When comparing gene expression before and after inoculation within susceptible plants, it is evident that there were only a few changes. At 24 hpi, six up-regulated genes and one down-regulated gene were found in susceptible plants (Fig. 6A ). Based on homology searches, the genes that were most highly up-regulated were E. grandis zinc finger protein CONSTANS-LIKE 2, several E. grandis Late Elongated Hypocotyl (LHY) proteins and E. grandis universal stress protein A. The single down-regulated gene was for strigolactone esterase D14, a receptor for the hormone strigolactone, known to have a role in inhibiting shoot branching as well as promoting symbiotic mycorrhizal interactions (Brewer et al. 2013) .
At 48 hpi the gene expression differences were fewer with only one up-regulated and no significantly down-regulated genes (Fig.  6B) . The up-regulated gene was zinc finger protein CONSTANS-LIKE 2.
Expression changes in resistant plants at 24 and 48 hpi. The global gene expression patterns within resistant plants changed substantially following inoculation with A. psidii (Fig. 7) . At 24 hpi, 64 up-regulated and 17 down-regulated genes were expressed in resistant plants (Fig. 7A ). Based on homology searches, the genes that were most highly up-regulated were homologous to genes encoding zinc finger protein ZAT5 and carboxylesterase 12. The highest expression levels (Fig. 7A , dark gray [red in online version]) were for an uncharacterized membrane protein At1g06890, cellulose synthase A catalytic subunit 7, fasciclin-like arabinogalactan protein, chitinase-like protein 2, beta-galactosidase, and cytochrome P450. Most significantly down-regulated at 24 hpi was a gene for strigolactone esterase D14, as also determined in susceptible plants.
At 48 hpi, the gene expression differences were even greater with 328 up-regulated and 109 down-regulated genes (Fig. 7B ). Based on homology searches, the most highly up-regulated genes encoded zinc finger protein ZAT5, carboxylesterase 12, zinc finger C-x8-C-x5-C-x3-H (CCCH) domain-containing protein 14, myosin heavy chain kinase and metalloendoproteinase. The highest expression levels (Fig. 7B , dark gray [red in online version]) were for cellulose synthase A catalytic subunit 7, fasciclin-like arabinogalactan protein, cellulose synthase A catalytic subunit 4, chitinase-like protein 2, cytochrome P450, phenylalanine ammonia-lyase, caffeic acid 3-O-methyltransferase, S-adenosylmethionine synthase 5, shikimate O-hydroxycinnamoyl transferase, and NADP-dependent glyceraldehyde-3-phosphate dehydrogenase.
The most significantly down-regulated gene was again a strigolactone esterase D14. Other highly down-regulated genes included heat shock protein, Auxin-regulated gene involved in organ size, chaperonin 60 subunit beta 4, high affinity nitrate transporter, F-box/LRR-repeat protein 14, and RADIALIS-like 1. Clustering indicates that individual plant expression patterns are more closely aligned preinoculation compared with both 24 and 48 hpi, with R4 indicating different expression to the other plants.
Predicted NBS-LRR and chitinase transcripts within S. luehmannii. Multiple transcripts were identified for NBS-LRR and GH18 and 19 transcripts within all plants (Table 3) . Many translated NB-ARC sequences incorporated fused TIR domains (PF01582.18) as well as LRR domains, predominantly LRR8 (PF13855.4), and Jacalin domains, a mannose binding lectin (PF01419.15). Additional fused domains were highly varied ( Supplementary Table  S2 ) with several NB-ARC domains fused with transcription factor (TF) domains such as zinc finger (zf) BED and zf reverse transcription (RVT) domains. Protein tyrosine kinase domains (PF07714.15) and Ras domains (PF00071.20), both important in cellular signaling, were also present across plants. Fused RPW8 domains (PF05659.9), known as broad-spectrum powdery mildew resistance gene domains, were present as a small class of putative NBS-LRR-type transcripts. Of the translated transcripts identified with the GH18 HMM, many were found to contain alternative domains and the GH18 catalytic domain was absent. These sequences were omitted from further analysis. An additional fused domain for GH19 chitinases was the RNA polymerase Rpb8 subunit (PF03870). This was determined within five of the transcriptome assemblies (Table 3) , though absent in the merged Syzygium transcriptome.
Differential expression of NB-ARC domain containing transcripts. All differentially expressed NB-ARC domain containing transcripts, within the merged transcriptome were visualized ( Fig. 8) . At 48 hpi, two significantly up-regulated Tobacco mosaic virus resistance gene N homologs were identified in resistant plants, as can be seen in Figure 8C (n = 224). While no clear differential expression is seen between resistant and susceptible plants preinoculation (Fig. 8A, n = 230) , the two transcripts with the greatest fold change difference both incorporate NB-ARC with fused Jacalin-type domains (PF01419.15). A pattern is evident at 24 hpi, though the greatest change is the down-regulation of two transcripts (Fig. 8B, n = 235) . The most highly up-regulated gene at 24 hpi is the same Tobacco mosaic virus resistance gene N homolog transcript most significantly up-regulated at 48 hpi, and here named putative A. psidii resistance gene (APR) 1 and 2. A predicted protein model for the translated transcript of APR from I-Tasser (Roy et al. 2010) indicates the conserved regions for ATP binding within the NB-ARC domain and the horse-shoe shaped leucine-rich repeat structure present. The closest homologs within the E. grandis genome data (v2.0) from Phytozome (Goodstein et al. 2012) are two predicted TIR-NBS-LRR genes on chromosome three (Eucgr.C01654 and Eucgr.C01968). Other close homologs included genes located within the Puccinia psidii resistance gene 1 (Ppr1) locus (Mamani et al. 2010) , estimated at around 52,900,000 bp on chromosome three (Kullan et al. 2012 ). Specifically, one homolog within the predicted Ppr1 locus was for Eucgr.C02749, currently unannotated.
NBS-LRR and Class II chitinase expression from individual transcriptomes. Reads mapped to the combined transcriptome were compared with mapping to individual transcriptomes for upregulated NBS-LRR and chitinase transcripts and indicated similar trends, thereby supporting the initial differential analysis (Fig. 9 ). However, it was determined that APR1 and APR2 expression within the individual plant transcriptomes was higher for both resistant and susceptible ( Fig. 9A and B) .
Expressed chitinase classes identified. The aligned translated Syzygium GH18 and GH19 sequences fell within previously identified E. grandis chitinase Classes I to V (Fig. 10A, B , and C). All plant transcriptomes had a single copy of the GH19 Class I chitinase and only one isoform was determined for this "gene", confirming it as Class IA due to the presence of a C-terminal vacuolar targeting sequence (Tobias et al. 2017) . Two translated GH19 sequences (Fig. 10A , Syzygium 5 and 6), a Class I chitinase and the very highly up-regulated Class II chitinase within resistant plants, indicate a high degree of conservation across all plants when aligned (data not shown). Phylogenies were conducted separately for GH18 Class III and V ( Fig. 10B and C) due to a high degree of sequence divergence. Of interest two isoforms of a Class V chitinase (Syzygium 15a and b) incorporating a fused protein tyrosine kinase domain (PF07714) were expressed within all plants.
Primers amplify products. Primers were successfully tested for a subset of the identified putative genes. Gel electrophoresis of amplified products indicated clean bands for amplicons of the putative homologs in both resistant and susceptible plants of Class II chitinase (Syzygium 6, Fig. 10 ), thaumatin-like protein, strigolactone receptor D14, Class II chitinase (Syzygium 8, Fig. 10 ), disease resistance response protein, Myb46 transcription factor (24 hpi cDNA), Class IA chitinase, and LRR extensin-like protein (48 hpi cDNA). The two APR1 primer pairs did not amplify products in any of the plants using preinoculation cDNA. PCR of putative respiratory burst oxidase and Class IA chitinase genes from 48 hpi cDNA amplified multiple sized amplicons indicating possible splicing variants or genomic DNA contamination. Sequencing of amplicons identified minor sequence variations though these did not correlate with resistant or susceptible phenotypes and might represent heterozygosity.
DISCUSSION
S. luehmannii shows promising resilience to controlled inoculation with the new encounter pathogen, A. psidii. The responses concur broadly with the smaller sample of 10 plants previously tested (Morin et al. 2012) (Fig. 1) . While susceptibility was shown for 25% of tested plants, 75% were resistant. Although 46% of plants showed no symptoms, it was suspected that leaf growth stage may have been a factor, as predominantly new growth is susceptible to A. psidii. All plants were selected for the trial based on the presence of new growth, but minor variations mean that these plants cannot confidently be assessed as resistant from a single inoculation. However, the presence of localized necrosis, characteristic of HR, indicated a rapid and effective resistant response in 29% of plants. It is of interest that the plants were previously field exposed to A. psidii, which suggests a possible priming effect, particularly as controlled inoculation was within 1 month of arrival. Systemic acquired resistance (Fu and Dong 2013) , whereby previous broad-spectrum exposure to pathogens primes plants for rapid responses to subsequent exposure, provides only a limited explanation. Proportions of plants that reacted with HR indicate that, even if this is the result of priming, not all plants are capable of such effective resistance. Phenotypes for resistance were selected based on HR and the subsequent results of RNAseq analyses indicate that this response has a molecular basis.
Syzygium luehmannii gene expression in response to A. psidii inoculation was examined in two key ways; by comparing significant differential gene regulation between the resistant and susceptible plants and within the resistant and susceptible plants only. We determined that resistant phenotypes have distinct and highly significant gene expression differences (Fig. 3) . In particular, the identification of genes involved in defense regulation and genes within the phenylpropanoid pathway appear to be important. The PCA indicates that, though resistant plants cluster more closely before inoculation, the pattern is less distinct between phenotypes after inoculation. Interestingly, within the heatmaps (Fig. 3B and  C) , resistant plant number four (R4) clustered with the susceptible plants after inoculation, despite an apparent resistant phenotype.
Perhaps also of interest, the R4 plant did not thrive after the initial resistant phenotype and later succumbed to scale insect infestation. It is possible that this plant had a delayed response to infection that still permitted a halting of disease progression.
Resistant plants recognize the pathogen. Crucial to resistant phenotypes is the early recognition of pathogen invasion, which in turn triggers downstream defense responses often leading to a hypersensitive response. Resistant S. luehmannii plants appeared to rapidly recognize pathogen incursion. Supporting this finding, resistant plants expressed higher numbers of receptors at all time points. Additionally, a transmembrane receptor, putative G-type lectin S-receptor-like serine/threonine-protein kinase (lectin-RLK), significantly differentially expressed in resistant phenotypes prior to inoculation, was present in all resistant and absent from all susceptible plant transcriptomes. This finding suggests a possible role for the lectin-RLK in the initial recognition process. It is conceivable that the carbohydrate-binding function of the lectin-RLK receptor is similar to the mannose-binding property of the rice (Oryza sativa) Pi-d2 gene product, which confers resistance to the fungal pathogen, Magnaporthe grisea (Chen et al. 2006) .
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Of key interest the APR1 and APR2 transcripts are homologs of E. grandis putative NBS-LRR genes (Christie et al. 2016) within the predicted Ppr1 locus on chromosome three (Kullan et al. 2012; Mamani et al. 2010) . The closest homologs within the E. grandis genome data (v2.0) from Phytozome (Goodstein et al. 2012 ) are two predicted TIR-NBS-LRR genes on chromosome 3 (Eucgr.C01654 and Eucgr.C01968).
Other close homologs were also located within the Ppr1 locus including Eucgr.C02749, currently unannotated, but identified as highly expressed in E. grandis in two biotic studies (Christie et al. 2016) . The results suggest that these genes may indeed have a role in A. psidii resistance within distantly related myrtaceous species.
A study comparing gene expression in resistant versus susceptible Pinus monticola in response to White pine blister rust (Cronartium ribicola) also reported differential expression of two NBS-LRR genes and a receptor-like kinase (RLK) (Liu et al. 2013) . It would be interesting to investigate these specific transcripts' expression in other Myrtaceae plants that display resistance to A. psidii. Allelic variants may be important in this response by permitting recognition of diverse pathogens, particularly if NBS-LRR dimers functionally interact as has been determined in other plant _ microbe interactions (Césari et al. 2014; Saucet et al. 2015) .
Resistant plants respond actively to the pathogen. Following perception, suites of genes involved in effective defense are significantly up-regulated in resistant versus susceptible plants. Cascading responses are initiated by receptor-like kinases and mitogen-activated protein kinase 2, both significantly up-regulated in resistant plants. The up-regulation of such genes indicates that they are actively triggering the key responses such as transcription factors, (including NAC-domain containing proteins, MYB46, and Zinc finger ZAT5), to enable defense gene transcription. NAC are the most up-regulated genes in resistant versus susceptible plants at 24 hpi and are highly DE at 48 hpi. NAC domain containing transcription factors have been experimentally validated as important in biotic response (Wang et al. 2009b) . A MYB46 transcription factor was shown to control secondary cell wall cellulose synthases directly (Kim et al. 2013 ). Notably, cellulose synthase genes were greatly upregulated in resistant plants suggesting that cell wall fortification is an important response to the pathogen. A strigolactone esterase D14 homolog, coding for a hormone receptor known to have a role in inhibiting shoot branching as well as promoting symbiotic mycorrhizal interactions (Brewer et al. 2013) , is significantly down-regulated in all plants, even susceptible, at 24 hpi. The magnitude of this receptor down-regulation is notable and points to a mechanistic response to the pathogen.
Significantly up-regulated defense transcripts also include respiratory burst oxidase and pathogenesis-related proteins, chitinaselike protein 2 and thaumatin-like protein. In particular, the transcripts for chitinase were very highly expressed at 24 and 48 hpi in resistant plants. Chitinases are enzymes involved in the catalytic hydrolysis Fig. 9 . Expression findings from Syzygium luehmannii following inoculation with Austropuccinia psidii. Mean and standard error of the A and B, transcripts per million and C and D, transcripts per million × 100 at three time points. A, Tobacco mosaic virus resistance gene N homolog (APR) 1, B, APR 2, C, class II chitinase, D, powdery mildew resistance gene homolog (RPW8). Graph compares the expression data from mapping reads to the merged transcriptome (SL) versus the individual transcriptomes (i) for resistant (R) and susceptible (S) (n = 4, except for S(i) n = 3). of polymers of chitin, important in the structural cell walls of fungi. These enzymes, as well as thaumatin-like proteins, are well known for being constitutively expressed in plants but up-regulated following pathogen challenge and hence are described as pathogenesis-related proteins (Edreva 2005) . Chitinase expression was determined to be significantly up-regulated after three days in response to fungal inoculation in E. grandis (Tobias et al. 2017) . A homolog for E3 ubiquitinprotein ligase At4g11680 is also significantly up-regulated at 48 hpi in resistant plants. With a major role in targeting proteins for degradation, this suggests an important role, either through the removal of damaged host proteins or the targeting of pathogen proteins (Ardley et al. 2005) .
Resistant plants express transcripts involved in the secondary metabolite pathway. A clear gene expression difference between resistant and susceptible plants was the large number of up-regulated transcripts within the phenylpropanoid pathway of secondary metabolites. Secondary metabolites are synthesized by plants and have diverse roles, some of which are antiherbivory and antifungal (Moore et al. 2014) . In particular, homologs for phenylalanine ammonia lyase (PAL) were significantly up-regulated at 48 hpi within resistant plants compared with susceptible ones, as well as compared with resistant plants preinoculation. This indicates induction of the first step in phenylpropanoid biosynthesis pathways (Widhalm and Dudareva 2015) . Also greatly increased in resistant plants were homologs to cytochrome P450 98A and cytochrome b5, well known for roles in cutin and suberin biosynthesis as well as responses to biotic stress (Pinot and Beisson 2011) . Also within the FDR < 0.05 cutoff was the disease resistance response protein 206 (DRR206), which had extremely high transcript numbers in resistant plants (mean of 2342 TPM for Fig. 10 . Glycosyl hydrolase A, GH19 _ Class I, II, and IV chitinases. *, Highly up-regulated Class II transcript, 8a and 8b are isoforms of the same "gene". Syzygium 4 and 7 fell within Class II grouping but their sequences incorporated chitin binding domain as found within Class IV. B, GH18-Class III chitinases. C, GH18-Class V chitinases. Evolutionary relationships inferred using the neighbor-joining method in MEGA7. The optimal tree with the sum of branch length: A, 3.14397148, B, 4.94814921, and C, 2.68924011. Transcripts 15a and 15b are isoforms of the same "gene". Scale = amino acid substitutions per site. At5g24090 and At4g19810 indicate Arabidopsis thaliana outliers. Eucgr. prefix indicates gene identification from Eucalyptus grandis. Numbering of Syzygium transcripts is arbitrary. R1, R2, and R3) except for R4. While the expression of DRR206 was earlier noted for rapid increase in fungal defense-related proteins (Culley et al. 1995) , it is now also known to be important in the phenylpropanoid synthesis pathway.
Very highly expressed transcripts at 24 and 48 hpi within resistant plants compared with susceptible, as well as compared with resistant plants preinoculation, were the cellulose synthase A catalytic subunit 7 and 8 both involved in secondary cell wall formation (Taylor et al. 2000) . The rapid increase in these transcripts within resistant plants indicates an active response to incursion.
Susceptible plants have no response to the pathogen. Susceptible plants showed no coordinated systemic response to the pathogen. Similarly low differential transcript numbers were noted for Poplar and the compatible leaf rust, Melampsora larici-populina (Rinaldi et al. 2007 ). This may indicate pathogen suppression of defense-response genes, as reported in compatible wheat Puccinia striiformis f. sp. tritici interactions (Dobon et al. 2016) . At 24 and 48 hpi, susceptible plants responded with only three significantly differentially expressed transcripts. Significant expression differences were the down-regulation of strigolactone esterase D14 homolog and up-regulation of E. grandis zinc finger protein CONSTANS-LIKE 2 and E. grandis protein LHY homologs.
Novel fused NBS-LRR domains indicate potential for pathogen recognition. Using a hidden Markov model for the conserved NB-ARC domain, it was determined that each plant had different numbers of NBS-LRR type transcripts, though numbers did not correlate with disease resistance or susceptibility. The most abundant fused domains, with NB-ARC, were TIR and LRR domains, both commonly present within this class of resistance genes in eudicotyledons. Transcripts with the Jacalin domain, a mannose binding lectin, were also particularly abundant. Four predicted NBS-LRR type genes within E. grandis also incorporated Jacalin domains (Christie et al. 2016 ), known to be involved in innate immunity across a broad range of organisms (Rüdiger and Gabius 2002) . Two transcripts incorporating the Jacalin domain were present in resistant plants preinoculation in greater quantities (log 2 fold difference = 4.6 and 4.5). Other highly varied domains were identified including several NB-ARC domains fused with transcription factor (TF) domains such as zinc finger (zf) BED and zf reverse transcription (RVT) domains. These domains may play a role in initiating the transcription of downstream defense-related genes or acting as potential effector decoys, as has been determined in A. thaliana (Le Roux et al. 2015) . Integrated NBS-LRR: BED 'decoy' domains have been identified in Poplar (Germain and Seguin 2011 ) and have also been tested in rice susceptibility to rice blast fungus Magnaporthe oryzae (Kroj et al. 2016) . The identified fused TF domains within the S. luehmannii transcriptome may therefore be interesting to investigate further. Protein tyrosine kinase domains and Ras domains, both important in cellular signaling, and RPW8 domain, a broad-spectrum powdery mildew resistance gene homolog, were also present across plants (Table 3) . A recent analysis of RPW8 domains across species indicates conservation, particularly across the Rosales clade (Zhong and Cheng 2016) . The localization of RPW8 resistance proteins to the extrahaustorial membrane where they facilitate encasement of haustoria and may trigger hypersensitive response, has been determined in A. thaliana and Brassica oleracea (Berkey et al. 2016 ). Many species have numerous copies of RPW8 containing genes, however E. grandis has only one (Christie et al. 2016) . It is interesting therefore that our data revealed an average of 5.8 RPW8 transcripts within S. luehmannii, suggesting alternative transcripts or variation in evolutionary selection pressures since diverging with E. grandis around 65 Ma (Thornhill et al. 2015) . Upregulation of RPW8 type transcripts was highest at 24 hpi and greatest in susceptible plants (Fig. 9D) .
Chitinases are highly conserved within S. luehmannii. Translated and aligned transcript sequences, identified as GH19 chitinases, were found to be highly conserved across the eight S. luehmannii plants and with E. grandis. This permitted the identification of classes of GH19 genes when compared with E. grandis putative chitinases (Tobias et al. 2017) . The chitinase sequence identified as significantly up-regulated in resistant plants was classified as a Class II chitinase based on the phylogenetic grouping ( Fig. 10A) , with closest homology to E. grandis Eucgr. H04034. The Class IA chitinase, conformed to the domain structure for this class, containing a chitin-binding domain, a GH19 domain and a vacuolar targeting sequence, and was present within all plants. A single 'gene' within each transcriptome for the Class IA conforms to a similar finding within the E. grandis sequence data (Tobias et al. 2017) . However, an interesting finding was the presence of two sequences, aligned with Class II chitinases that incorporate chitinbinding domains but lacking vacuolar targeting sequences, suggesting that these might be variants of Class I chitinases. The closest homolog within E. grandis (Eucgr.J02519) does not have a chitin-binding domain. This would suggest that S. luehmannii, unlike E. grandis, has maintained diversity of this gene class, in line with other woody species (Jiang et al. 2013) , perhaps due to evolutionary selection pressures.
Fewer putative GH18 chitinases were identified within S. luehmannii plants, indicating that these enzymes may not be important in responses to A. psidii. When aligned with translated putative E. grandis sequences, only three Class III and two Class V were identified within the transcriptome.
Conclusions. When conducting expression studies on nonmodel organisms a number of problems can arise. Genetic diversity is likely to be high between individuals, particularly when wildsourced, as previously noted for eucalypts (Webb et al. 2014) . It is possible that genetic diversity can mask expression responses to perturbation that may be highly complex, particularly with regard to plant _ pathogen interactions. Additionally, de novo assemblies can be inaccurate with regard to highly variable sequences such as recognition receptors (Steuernagel et al. 2015) , which are often involved in defense. Also of note, expression for HR is highly localized in and around infected cells (Morel and Dangl 1997) , meaning that mRNA taken from whole leaf samples is likely to be diluted by surrounding cells, suggesting that localized expression differences may be much greater in affected cells. Despite these caveats, by taking a stringent cut-off for the analysis, the results point to a clear relationship between early recognition of the pathogen followed by rapid and global gene expression changes within plants displaying resistant phenotypes. Data from larger samples, combined with an assembled genome for the species, will help to clarify these results.
There are concerns internationally for myrtle rust impacts on commercial industries as well as natural ecosystems, dominated by species in the Myrtaceae. Determining the genetic basis to resistance is important for developing resilient crops, determining suitable management practices for ecologically sensitive myrtaceaous species as well as extending our knowledge on pathogen defense in woody plants. With no comprehensive genome available for either the host or pathogen, the current analysis, based on de novo transcriptome assemblies, compares plant responses at early stages of infection and provides foundational work from which to build knowledge. The identification of a G-type lectin receptor-like kinase, exclusively expressed in resistant individuals, as well as two TIR-NBS-LRR-type transcripts that appear to indicate resistance provides a useful starting point for future investigations.
